Muscle denervation is common in various neuromuscular diseases and after trauma. It induces skeletal muscle atrophy. Only muscle reinnervation leads to functional recovery. In previous studies, denervated adult rat muscles were rescued by transplantation of embryonic day 14-15 (E14-15) ventral spinal cord cells into a nearby peripheral nerve. In the present study, changes were made in the environment into which the cells were placed to test whether reinnervation was improved by: 1) prior nerve degeneration, induced by sciatic nerve transection 1 week before cell transplantation; 2) transplantation of 1 million versus 5 million cells; 3) addition of nerve growth factor (NGF) to the transplant. Ten weeks after cell transplantation, axons had grown from all of the transplants. The numbers of myelinated axons that regenerated into the tibial, medial (MG), and lateral gastrocnemius-soleus (LGS) nerves were similar across treatments. The mean diameters of large LGS axons (>6 µm) were significantly larger with nerve degeneration before transplantation. The mean diameters of MG and LGS axons were significantly larger with transplantation of 1 million versus 5 million cells. Silver-stained experimental and control lateral gastronemius (LG) muscles showed axons that terminated at motor end plates. Nodal and terminal sprouts were more common in reinnervated muscles (45-63% of all end plates) than in control muscles (10%). Electrical stimulation of the transplants induced weak contractions in 39 of 47 MG muscles (83%) and 33 of 46 LG muscles (72%) but at higher voltages than needed to excite control muscles. The threshold for MG contraction was lower with transplantation of 1 million cells, while LG thresholds were lower without NGF. The cross-sectional area of whole LG muscles was significantly larger with cell transplantation (immediate or delayed) than with media alone, but all of these muscle areas were reduced significantly compared with control muscle areas. These data suggest that delayed transplantation of fewer cells without NGF assists regeneration of larger diameter axons and prevents some muscle atrophy.
INTRODUCTION
growth and muscle reinnervation are therefore needed. In these earlier studies, the embryonic cells were transplanted into the peripheral nerve immediately after it Motoneurons die after injury or in disease, resulting in rapid and severe muscle atrophy (3, 15, 16, 25, 28) . One was sectioned. In the present study, the peripheral nerve environment was altered by sectioning the nerve 1 week way to salvage denervated muscle is to place neurons in a peripheral nerve near the denervated muscles. Previous before transplantation. This lesion may stimulate the release of neurotrophic and axonal factors that promote studies demonstrate that axons regenerate from embryonic day 14-15 (E14-15) ventral spinal cord cells put axon growth and reinnervation (9, 19, 20, 22) . The first aim of this study was to evaluate whether axon regenera-into tibial nerve. These axons form neuromuscular junctions with the denervated muscles (10). Moreover, elec-tion and muscle reinnervation were improved when E14-15 ventral spinal cord cells were transplanted into trical stimulation of the transplant evokes innervationdependent muscle shortening (29) . This transplantation the predegenerated versus the nondegenerated tibial nerve. Second, between 1 and 15 million cells were trans-strategy thus provides the potential to excite these muscles artificially to produce behaviors. However, not all planted into the nerve in earlier experiments (10). Here, a comparison was made of the numbers and diameters denervated muscles are reinnervated and those muscles that are reinnervated are weak. Improvements in axon of myelinated axons that regenerated from transplants of 1 million versus 5 million cells. Third, nerve growth fac-assessment of muscle reinnervation (Fig. 1 ). Adult female Fischer rats (n = 48, mean ± SE body weight: 156 ± tor (NGF) was a standard constituent of the original medium (10). The importance of its inclusion was never 3 g) were anesthetized with sodium pentobarbital (40 mg/kg, IP). When areflexic, the left tibial nerve of each confirmed, even though some studies show that NGF is capable of stimulating large-caliber axon regrowth in rat was carefully separated from the common peroneal and sural nerves up to mid-thigh level (the latter nerves peripheral nerves of adult rats (21, 24) . Here, axon regeneration from cell transplants that did and did not include were removed). Three sutures were tied around the remaining nerve, two close together and proximal on the NGF was evaluated. These new data showed consistent axon outgrowth from the transplants with significantly tibial nerve, the other around the entire sciatic nerve another 5 mm proximal. The nerve was sectioned between better outcomes when fewer cells were transplanted with a delay and without NGF. these sutures and a 2-mm segment removed. This resulted in denervation of all distal sciatic-innervated muscles MATERIALS AND METHODS (Step 1). The proximal sciatic nerve stump was sutured All procedures were approved by the University of into hip muscle. It remained there at sacrifice, verifying Miami Animal Care and Use committee and adhered to that this procedure prevented muscle reinnervation from the National Institutes of Health guidelines.
regenerating peripheral axons. Three experimental variables were introduced when Cell Preparation cells were transplanted into the tibial nerve distal to the For each preparation, embryos were removed from sutures (Step 2, Fig. 1 ). These involved cell transplantaone or two pregnant Fischer rats (E14-15) anesthetized tion immediately after nerve section versus 1 week later, with sodium pentobarbital (40 mg/kg, IP). They were transplantation of 1 million (5 µl volume) versus 5 milplaced in cold Dulbecco's phosphate-buffered saline. The lion cells (10 µl volume), and the addition or exclusion spinal cord was dissected free of surrounding tissues and of NGF in the cell suspension (mouse nerve growth facthe dorsal part discarded. The ventral cord was washed tor, 7S; GIBCO-BRL at a final concentration of 100 ng/ three times in Hank's balanced salt solution (HBSS) ml). This resulted in eight experimental groups with six without calcium chloride and magnesium sulfate. The rats per group (body weight at transplantation: 151 ± 3 g). ventral cord(s) was enzymatically digested with trypsin Another 24 rats were used as surgical controls. These (Worthington Chemical Co., Lakewood, NJ) in HBSS rats underwent the same surgical procedures as the exfor 45 min at 37°C. Hereafter, changes were made to perimental rats except that they received 5 or 10 µl of the original protocol (10). The trypsin digestion was medium without cells immediately after tibial nerve secstopped by adding both fetal bovine serum to 10% and tion (n = 12) or 1 week later (n = 12). Six transplants per B27 supplement (GIBCO-BRL, Gaithersburg, MD). Ingroup also included NGF. stead of the general cell culture medium, Leibovitz's Physiological Assessment of Muscle Reinnervation L15 medium (10), neurobasal medium (GIBCO-BRL) supplemented with B27 was used. Neurobasal medium As described previously (29) , muscle reinnervation has lower levels of cytotoxic components than other was assessed physiologically 10 weeks after cell transcommonly used media, while B27 supports the viability plantation (Step 3, Fig. 1 ; body weight at sacrifice: 181 ± of embryonic rat neurons (4, 27) . The trituration protocol 2 g). Each rat was anesthetized with sodium pentobarbiwas also modified. Tissue was dissociated by trituration tal (40 mg/kg, IP). The transplant and the medial and 10 times in 2 ml of neurobasal medium with fetal bovine lateral gastrocnemii muscles were exposed. The rat was serum and B27 supplement using fire-polished Pasteur laid prone on a heating pad and its left knee and ankle pipettes. The tissue was allowed to settle for 2 min on were clamped. The medial then lateral gastrocnemius ice. The supernatant was removed to a second tube. The tendon (vice versa in half the animals) was tied to a above trituration procedure was then repeated twice transducer to record isometric force at optimal muscle more with the digested cord. Trituration of cord material length. Electromyographic signals (EMG) were meain three batches reduces damage to large cells, particusured with two electrodes resting against the surface of larly motoneurons (7). The triturated cord tissue and suthe muscle belly. The transplant was stimulated with sinpernatant were filtered through a 70-µm nylon cell strainer gle 50-µs-duration pulses at 1-30 V using 0.1-V or 1-V (Falcon #2350). Cells were collected by centrifugation steps. The evoked force and EMG signals were filtered and washed once before resuspension in neurobasal me-(DC-100 Hz, 30-1000 Hz) and sampled online (400 Hz, dium with B27 supplement and rat serum.
3200 Hz) using SC/Zoom (Department of Physiology, University of Umeå, Sweden). The voltage at which the Cell Transplantation first signals were evoked in each muscle (threshold) was recorded. Peak twitch force was measured. Three steps were involved in the transplantation protocol: 1) muscle denervation; 2) cell transplantation; 3)
The same procedures were performed on all of the surgical control rats except that the transplants were also The medial and lateral gastrocnemii muscles were cut in half. The proximal half of each muscle was placed stimulated at 150 V with 10-ms-duration pulses. Even these high stimulation intensities evoked no force or longitudinally onto cork with Tissue-Tek O.C.T. compound, frozen in isopentane cooled by dry ice, and EMG, suggesting that these muscles were denervated. Physiological data from these experimental and surgical stored at −80°C. The distal muscle was processed similarly except that it was frozen in cross section. Muscle control rats were compared with results obtained from naive control rats that were subjected to the same proce-end plates were detected by cholinesterase activity in longitudinal serial sections (40 µm) cut from the entire dures except that they underwent no denervation or transplantation (n = 6 for medial gastrocnemius, n = 6 for proximal half of the muscle. Myelinated axons leading to these sites were impregnated with silver (17). The lateral gastrocnemius).
numbers of sprouts evident in all of these sections were Axon Growth, Neuromuscular Junctions, counted in lateral gastrocnemius muscles from 16 experand Muscle Atrophy imental, 4 surgical control, and 3 control rats where clas-After electrophysiological recordings, the medial gassification of terminal (branches found within the end trocnemius, lateral gastrocnemius-soleus and tibial nerve plate) or nodal sprouts (branches at a node of Ranvier distal to these muscle nerve branches were removed.
near an end plate) was unambiguous (8). These nerves were fixed in 2% glutaraldehyde, postfixed
The entire muscle area was measured from periodic in 1% osmium tetroxide, and embedded in Epon araldite acid Schiff-stained cross sections (10-12 µm) cut through (29) . Sections (1 µm) were stained with toluidine blue the middle of the lateral gastrocnemius muscle belly of for light microscopic examination. The minimum and 13 experimental, 8 surgical control, and 3 control animaximum diameters of every myelinated axon in all mals. Comparisons of these data provided a measure of three nerves from each experimental rat were measured muscle atrophy with and without cell transplantation. from calibrated digital images (Zeiss Axiophat micro-Statistics scope, MetaMorph Imaging System, Universal Imaging Corporation, West Chester, PA). Mean fiber diameters Mean ± SE are given. Analysis of variance (ANOVA) was used to compare data within the eight experimental were calculated. These data also provided the total numbers of myelinated axons that regenerated into the re-groups of animals and the four surgical control groups. Statistical significance was set at p < 0.05. Because there spective nerves. Similar measurements were made from the corresponding nerves of three naive control rats.
were no differences across treatments, data obtained from the experimental animals were regrouped accord-ences in the diameters of the myelinated axons when NGF was added or omitted from the cell transplants, ing to whether they received immediate versus delayed transplants, 1 million versus 5 million cells, and cells although these axons were significantly smaller than those measured from control nerves ( Fig. 2F ). with NGF or without NGF. ANOVA was also used to compare the overall data means from all experimental, How Does Axon Regeneration in Experimental Nerves surgical control, and control animals.
Compare to Control Nerves?
RESULTS
When the regenerated axon counts were combined Does Prior Nerve Degeneration Enhance Axon Growth across all experimental treatments, there were signifi-From Transplanted Cells?
cantly fewer myelinated axons in tibial, medial gastrocnemius, and lateral gastrocnemius-soleus nerves com-Myelinated axons grew from all transplants and alpared with control nerves ( Table 1 ). The mean diameter ways into the medial gastrocnemius nerve (Fig. 2B , C); of these axons was also significantly smaller than the axons grew into all but two lateral gastrocnemius nerves mean diameter of axons in control nerves. There were (96%). Similar numbers of myelinated axons were found no myelinated axons in the nerves of rats that had no in the tibial, medial gastrocnemius, and lateral gastrocnecells transplanted. mius-soleus nerves of rats that received cell transplants immediately after nerve section versus after a 1-week de-Reinnervation of Skeletal Muscle lay (Table 1) . However, the axons in experimental Nodal and terminal sprouts were characteristic of renerves were always fewer in number and smaller in diinnervated muscles but were less common in control ameter than in control nerves ( Fig. 2A) .
muscles. Typical examples of axon sprouting in a rein- Figure 2D compares the bimodal distribution of mynervated lateral gastrocnemius muscle are shown in Figelinated axon diameters for control medial gastrocneure 3. In Figure 3A , silver-stained axons course across mius nerves with the unimodal profiles obtained from the muscle fibers and terminate at cholinesterase-stained rats that had cells transplanted immediately after nerve end plates. An axon extending from one end plate to section versus delayed. The profiles of these experimenanother is shown in Figure 3B . This unusual axonal tal nerves (nondegenerated vs. predegenerated) were simisprouting in the end plate region was relatively abundant lar and shifted towards smaller diameter fibers compared in reinnervated muscles (range: 45-63%, Fig. 3C ). The with control distributions. Only in predegenerated lateral amount of axon sprouting was similar when cells were gastrocnemius-soleus nerves were the large diameter fitransplanted immediately after nerve section or with a bers (>6 µm) significantly greater in diameter than in 1-week delay, and when 1 million versus 5 million cells nondegenerated nerves (not shown).
were transplanted. There were significantly more sprouts Does the Number of Cells Transplanted Affect when NGF was excluded (p = 0.03). Partial denervation Myelinated Axon Counts?
was also evident in experimental muscles in that some end plates had no nerve terminals. In muscles of control Similar numbers of myelinated axons grew into the rats, sprouting occurred at 10% of the end plates, a sigtibial, medial gastrocnemius, and lateral gastrocnemiusnificantly lower incidence than in experimental muscles soleus nerves when 1 million versus 5 million cells were (p = 0.03). No silver-stained fibers with end plates were transplanted (Table 1 ). However, the mean diameters of found when no cells were transplanted. both the medial and lateral gastrocnemius-soleus myelinated axons were significantly larger when fewer cells Do the Reinnervated Muscles Function? were transplanted (MG: 5.0 ± 0.2 µm vs. 4.2 ± 0.2 µm; Figure 4 shows the threshold (Fig. 4A ) and maximal LGS: 4.8 ± 0.2 µm vs. 4.3 ± 0.3 µm) because of the EMG and force (Fig. 4B ) evoked from the medial and higher percentage of large-diameter axons ( Fig. 2E) .
lateral gastrocnemii muscles of an animal 10 weeks after When all of the regenerated axons in the tibial nerve it had 5 million cells transplanted immediately after tibwere pooled, the axon diameters were similar with transial nerve section. Signals were first evoked in this meplantation of 1 million (4.1 ± 0.1 µm) or 5 million cells dial and lateral gastrocnemius at 4 and 8 V, respectively. (3.9 ± 0.1 µm).
Even though the first motor unit activated in medial gas-Does the Addition of Nerve Growth Factor trocnemius was weaker than the one recruited in lateral to the Transplanted Cells Influence Axon Growth? gastrocnemius, the maximal EMG and force of this medial gastrocnemius muscle exceeded that of the lateral When cells were transplanted with and without NGF, similar numbers of myelinated axons regenerated into gastrocnemius. Signals were evoked at low voltage in 39 of 47 (83%) the tibial, medial gastrocnemius, and lateral gastrocnemius-soleus nerves ( Table 1 ). There were also no differ-and 33 of 46 (72%) of the experimental medial and lat- eral gastrocnemii muscles tested, respectively. Thus, 8 medial and 11 lateral gastrocnemii muscles had myelinated axons in their nerves but did not contract (two lateral gastrocnemius nerves had no axons or function). Mean ± SE threshold voltages for contraction of medial gastrocnemii muscles were significantly lower when 1 million versus 5 million cells were transplanted (Fig.  4C) . Thresholds were similar when transplants were done immediately after nerve section versus delayed and when the cells were transplanted with and without NGF. For lateral gastrocnemius, the threshold for contraction was significantly lower without NGF (p = 0.002) ( Fig.  4D) but was similar across the other experimental treatments. Significantly higher voltages were needed to evoked contractions in experimental compared with control muscles, however. No EMG or force was evoked in muscles of surgical control rats (no cells transplanted) even when using 150-V and 10-ms-duration pulses. These data and the absence of myelinated axons in their nerves suggest that these muscles were denervated, as expected.
The maximal twitch force of reinnervated medial gastrocnemius muscles was similar across treatments (24 ± 5 mN) and significantly lower than control muscle force (1.4 ± 0.1 N). Maximal twitch force for lateral gastrocnemius was greater when the transplant was delayed (36 ± 11 mN) versus immediate (17 ± 7 mN) but similar across the other treatments. Figure 5A shows a PAS-stained cross section of a typical lateral gastrocnemius muscle taken from a rat that received 1 million cells 1 week after tibial nerve section. Notice the difference in the sizes of the fibers. Some fibers have large areas. Others display severe atrophy, which is typical of denervation. Prolonged electrical stimulation of the transplant also depleted only some muscle fibers of glycogen (white fibers), suggesting an absence of neuromuscular junctions, dysfunctional junctions, or both possibilities.
Does Cell Transplantation Prevent the Atrophy Typical of Denervated Muscle?
The mean cross-sectional areas for the whole lateral experimental nerves, and their smaller diameters, com-pared with the myelinated axons usually present in the axons grew into the tibial nerve than medial or lateral gastrocnemius-soleus nerves ( Table 1 ). The apparent tibial nerve and its branches.
Transplantation of fewer cells into a predegenerated nonuniform growth response of myelinated axons between medial or lateral gastrocnemius-soleus nerves and nerve without NGF appears to improve axon regeneration and muscle reinnervation in general. Although there tibial nerves may be nothing more than chance axonal growth through one fascicle versus another (30,32). More-was no statistical difference in the numbers of myelinated axons in experimental nerves when cells were trans-over, unmyelinated fibers that are destined to become myelinated may require more time if the neurotrophic planted immediately after nerve section versus delayed (Table 1) , the diameters of large axons were significantly support normally available from central nervous system sources, target tissues, or both are not readily available. greater in predegenerated lateral gastrocnemius-soleus nerves. The twitch forces of lateral gastrocnemii muscles Thinly myelinated or unmyelinated fibers were not counted here. Unmyelinated axons can best be observed were also significantly greater. One prominent theory in the neural repair literature is that peripheral nerve dam-using electron microscopy. Cut peripheral axons usually regrow to form synapses age recruits macrophages and induces denervated tissues to release substances that promote axon growth (19, 20) .
at preexisting motor end plates. The end plates are polyneuronally innervated initially and nodal and terminal These changes may then enhance the number and size of regenerating axons (6, 22, 33) . We put embryonic neu-sprouting is common. But within a few weeks, most excess axons are pruned (31) , as occurs during develop-rons in the foreign environment of the peripheral nerve, completely dissociating them from the spinal cord. Only ment (5). Naive neuromuscular junctions then only show sprouts at a few percent of all end plates, a process that the axon is sectioned in most other studies of motoneuron survival. Thus, the combination of factors needed is typical of remodeling (23) . Both nodal and terminal sprouts were more abundant in our experimental mus-both for neuronal survival and axon regrowth (9,13) may not be optimal for embryonic neurons in adult peripheral cles than in our control muscles (Fig. 3) . It is interesting that these nerve sprouts persisted 10 weeks after trans-nerve.
Use of fewer cells (1 million versus 5 million) in-plantation. Sprouting has been observed in poliomyelitis patients long after recovery (8). Inactive muscles, whether creased the diameters of the myelinated axons in medial and lateral gastrocnemius-soleus nerves, particularly for induced by denervation or from chemical paralysis, show a high percentage of sprouts at nerve terminals (5). axons of large diameter ( Fig. 2E) . Medial gastrocnemius muscles also contracted at lower voltages when they Sprouting is also frequent in deafferented skeletal muscle (1) . The sprouting observed here may also relate to were reinnervated from transplants of 1 million cells (Fig. 4C) . However, the reduced numbers of regenerat-aberrant regulation between the transplanted neurons and the reinnervated muscle fibers. Factors for motor ing axons in experimental nerves, even when fewer cells were transplanted, suggest that one or more extrinsic axon sprouting do not necessarily arise from nearby denervated muscle fibers. They are also found at the end factors still limit axon growth within the nerve.
NGF is not considered a typical motoneuron survival plate (26) . All of these factors may have contributed to the abundant axon sprouting observed in our experimen-factor. However, in some studies exogenous NGF does promote regeneration of large myelinated fibers in rat tal muscles. Moreover, we do not know how stable the neuromuscular junctions are. Some nerves did have my-peripheral nerves (21,24). Fewer axonal sprouts were evident in muscles of NGF-treated transplants (Fig. 3B) . elinated axons but the muscle they supplied did not contract when the transplant was stimulated at low voltage. The threshold voltage for contractions of lateral gastrocnemii muscles was lower without NGF (Fig. 4D ). But Some large muscle fibers were not depleted of glycogen by repeated transplant stimulation either (Fig. 5A ). Fur-for the most part, addition of NGF to the cells induced few changes. These results suggest that the peripheral ther maturation of the neuromuscular junctions may occur with time. It is also possible that maturation of ter-targets for NGF action are largely absent in this model.
Reinnervation over a longer time may ameliorate the minal axons is difficult when there is a lack of inputs from the central nervous system or afferent sources. myelination deficiencies and increase axon number and caliber via prolonged trophic feedback between neurons Contractions were evoked in most of the experimental muscles we tested, data that provide encouraging and muscles. Higher percentages of large-diameter axons were found in medial and lateral gastrocnemius-soleus support for the rescue of denervated muscle by neuron transplantation in nerve. The threshold voltages needed nerves compared with the whole tibial nerve. Axons need to grow shorter distances to reach the gastrocnemii for contraction were higher in experimental versus control muscles (Figs. 4C, D) . This probably relates to the muscles, so the trophic interactions between these tissues may occur sooner than they do for axons seeking presence of smaller diameter myelinated axons in experimental nerves (Fig. 2) (2). All the experimental muscles more distal muscle targets. Proximity alone may not account for differences in axon numbers, however. More were much weaker than control muscles. These data are
